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PROOF-OF. PIJINCIPLE MEASUREMENTS
FOR AN NDA.BASED CORE DISCHARGE MONITOR

k Alarms National lAxratov
Group ~-1, MS E540
LX Ai-s, NM 87545 USA

ABSTRACT

IIIe feasibility of ~sing nondesr.ructive assay insmmcnts

as a core discharge monitor for CANDU reaclors was invesri -
ga[cci at the Orrurio Hydro Bruce Nuckar Generating Station

A, Unii 2, in Ontario, Canada. The measurcmcnrs were made
[o de[ermine if mdiation signatures from dischargul imdiald
fuel couid & mcasuml unambiguously and usd to count tie

numlxr of fuel pushes from a rcacror face. Dcuxmrs using rhe
(y,n) reaction dwcsholds of bc~llium and deu[erium collected

the dam but da[a from shieldai and unshielded ion chambers
wem collccwd as well. The dcteccors were placd on a fueling

trolley tha[ curki rhe fueling machine bawcen the reactors

and the anml wvice area. A microprmessor-bmcd elcctms-
ics $ystcm (the GRAND-I, which ah resided on [he mlley)

provided detector biases and preamplifier power and acquirul

and transferred dK data. It was connected by an RS-232 serial

link 10 a lap-top computer 4djacenl to Lhe fueling conrrol con-

sole in [he main reactor control rcmm, The lap-top computer

collected and archived lhe dala on a 3.5-in, floppy disk, The

results clearly showal w’h an zpproach 10 lx adaptable ~ a

core discharge rrsormor.

INTRODUCTION

CANIX! rwctors arc rcfuclai scmicontinumssly in ImrJsdi-

rcaions during operation id contro! the core reacuvi[y and tcr

usc lhe rcac[or fuel cffsciendy. The refueling is canicd out by
an automatuf fuei-hmdling system thw moves fresh fuel from

a fresh.fuel pm M(4 anmd s[oragc ma m the rcaucrr face by a
“charge machine, ” Fresh fuel is “pushed’” into one face of the

reactor fran the charge machme, and madiatcd fuel is simulta-

twously rwmvcd from the other face by a diwhargc machine,

The fuel is then transported back 10 Ihe cenrral slorage area
where i! is discha.rgcd into tcmporuy slsxage through irradi-

ated fuel pm. A conceptual representation of Lhis M shown
m Fig. 1,

AI muki-rcacmr stmons, Ihc chwge and Jixharge fueling
rrmchmes, which contain fresh or l~adiated fuel, are warm
pwtcd on rr’olleys r-hat move m [he Ilmnels [hat connect the
reacxon Lld k central fuel woragc IUCS(CSA), A ua,rssversc
cross w?ction of the iunnel and Ihe resctor contammcnl is
.—— .— .- ._. —-.
●Work was perform-d whll; on Ieavc as s United States cosl -

frcc capen 10 dw Inkrnatwnid AmmK Energy Agency,

A. C. Mon[icone
Intemanonal Atomic Energy Agency
Box 100, A-14(XI
Viem& AUSTRIA

Fig, !. Conceptual dia,gruwr of@lint cycle

shown in Fig. 2(a). A longitudinal CTOSSsection is shown in
Fig, 2(b),

A CANDU rcxtor mighI d.ixhargc ktwc.cn 55 and 65 [wI
bundles pr wak, At WXSEmuhi-reackw swions, shis numtur

is multiplied by the numhr of reactors. This large numkr of

irractim~ fuel asscmblws, coupkd with Ihe many posslblc

paths for diversion Presemd by the logistics of s.ranspomng

the fuel Ix[wocn tic various ttacmn and storage arws, defines
Ihe rquiremcrus of a safeguards approwh. The classical

rmthod fm safeguarding would rqulre seals and cameras al

strategic Iocaaons, These efforts could tu supplcmcntcd by
short-notice ra.miom inspwicms (S NRI), Reviewing curneru

images, verifying seals, d sr.agmg SNRI is very human rc -

sourcc intensivcl Hcncc M ahcmative methal of safcguadng

the fuel WILssought.

An alternative dcscribcd in this paper uws mdumon dc~cc
ums 10 rrmnitor Ik nmvcmcru of maihuwl fuel k[wecn !hc rr

actor cure and n cenrral smrage arc~. The thoughls un [hlj

mc[hod were prompted by u feaslhility study for J rcuctlw
power nwsltor tha[ was rhrlc by l~t)[ En~incerln~ l,[d In
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Fig. 2(a), Tramverse section of rmxor vault and service twvulr, (b) hrgitt4diMi section of reactor vauh cd service tunneh.

Camp& llville, Ontario, Canada. This study repmcd rhe de-
tection of high-energy (>7 McV) gamma rays in k vicinity of

the external piping of [he reactor heal exchange system. T%e
procrf~f-principle (K)P) measurements were rrtde 10 deter.

mine if radiation signatures from dischasgcd irradiatd fuel
could & measured unambiguously ad used to count the nurn-

bcr of fuel pushes from a rc~c[or face, Detectors using the

(y,n) rcaclion threshold of beryllium and deulerium collected

[he pnm~ data, but data from shielded and unshielded ion

chamkrs were collcc[cd as well, This work was done during

[he summer of 1987 ai Bruce Nucleas Generating Station
(BNGS) A, Unit 3, in onr.ano. Canada.

MEASUREMENTS

Phyalcal Layout of Reactor and Trolleys

The Iayou[ of the rcac[or and dclec;ors is shown in Figs,

2(ti) and 2(b~, The fueling machines are transported by trol-
leys dmt uavel in the tunnel urdcr the rcmcsrs and fuel storage

area. Dtig a fueling cycle, the uollcys rmvel under the mcc-
tor and ~ition Ihc fueling machine under k fueling-mr+chine
m.miagc for the fuel-handling machine on the x-y mgc, llw

trolley elevmcw, on which the fueling machine sits, rnovcs the

fueling machine up IO tic fueling machlnc carriage, TIIe x-y
stageand caniagc positions the fueling mrwhinc on the cnds of

[he fuel channels,

II should bc noted that tlwsc tsctivitics wcur on both ends

of the reactor; one for the ch,mgc fueling nvwhinc, tllc other

I’m [he diwhargc t’ucling rnuclllnc,

The fuel channels arc haizontal. A map of the channels is

shown in Fig. 3. The columns are labeled from 1 m 24, [he
rows horn A to Y with rhc label 1 not being used, For our

mcasurcmcms, the detectors were located under column S,

The outer rows and columns arc slightly less than 3,4 m from

[he ccntcr Iinc of the reactor. The bcd of the uollcy is iIbou[
9, I m below tic center Iinc of the ~wmr, and ~hc ccntcr line

of [hc top magazine position in the fueling mischinc is tibou!

2 m above the ~xd when the fueling muchme is r.mvcling on

the t.d]Cy.

Detectors

The primary dctec[or type chosen for [he POP meusure-

mcn(s was a (y,n) threshold rxtcctor, one was is Be(y,n) dc.
tcctor, the uhcr was a D(y,n) dc[etxor. The firsl wns readily

uvuilablc 10 the Intcma[ionrd Atomic Energy Agency (I ALA )

and had been used both by the IAEA for gwhcnng safcgu~rds

dam and by Los Alamos Nulic nnl Labcmwry during the

clcwmp a[ dw ‘Ilwcc Mile Mud Rcmor. 1,2 I {cm-c i[s uw wus

undcrsmcd In addition, a D(y,,I) tfc[ec[or was used kcause

of the avtilak. ii[y of D20 at CA NIXJ-[ypc reacmrs. I]mh of
these dc[cc[crs produce pkwrmcuuwts when ~ammu ruy~

ulmve 1,6 McV (2.2 McV for the Iwler) in[cract wl[h the

Iwylliurn (dcumriurnj of the dctccmr, Fission chumben Inm.lc
the beryllium (dcu~cnum) then r.lctccl the crca[cd isnd ll~mfcr-

u~ccincursons, Detectors ~ha[ usc fission chamhcrs uc vmu -

ally imrnunc to high gnmma dose rislcs m.i can k u.scd In ihc

pre.xcnce of is Iargc gamma-ray background In uddimm, ncu -
m-ms nre gcnel’alcd only by ganml~ ruys thu[ excccd Ihc rcu~’

tion threshold; other wrcs 01 dc[cc!om musl rely 011clc~$lnml~’s

or v-ry heavy shicldin~ to di.wrirmnis[c iIgiIInsI Ihc vcrv l~r~c
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Fig. 3, A core face map of the fueling channels

amounts of lower energy gamma-ray interference. Both of
these methods significantly irr,pact the hardware and the J:sult-

ing spectra seen by the deuxxors,

The secondary type of detector was an ionization chamber.
mere were several reasons for including this type of detwtor

In the POP measurements. First, the electronics used wiLh the

fissmncharnbersitlso supports simultaneous use oftheioniza-
tion chambers (as in the GRAND-Fork spent-fuel measurem-
ent systems). Shielded and unshielded ionization chambers

provide additlonid dwtthittm akea monitoring system much

harder to fool, Second, tne intensity of the high-energy

garnmaraysthatexceed thcthresholdsofthe primarydetemws

decays r~ther rapidly, Tlrese secomhuy detectom am Scnsltive

to the gross radiatmn inside the reactor vault long after shut-

dc}wnofthe reactor,

An uuractive feature of both the fission and ionization
chambers is that they are very dependable aud require amini-

mum anount ofauxlliary equipment, They should require
very little maintenance and no adjustment dunng20y ears of

operatmn.

Electronics

The electronics package used forlhe PO Prneasurements
was the comrnerclul verwon of Ion tind neutron detector clet

tronlcs (lON-1)~ developed al the LAN Alamos National Lttbo-
rtitory for use with a $Penl-fuel measurement fork detector,
Ilecommcreutl electronics pitckitge, ” which Is called the

●Cwnmetimlly itviukthle fr(ml 1)S [)avidson Co , 19 Ihtrnhard
Rd,, Ninth }{aven,Ct)nt~cc’tlcu[, [:SA,

GRAND (Gamma Ray And Neutron Detector electronics

package), is a microprocessor-based electronics system. It

provided biases for the fission chamber and ioruzmion cham-

bers, preamplifier power for the fission chamber, and data

acquisition and mnsfer. A GRAND has internal batteries that

allow it [o operate for more than 24 h if ac power is lost.

The Measurement System

The measurement syswrn continuously made lo-s dAra ac-
quisitions duriitg its operation, The dtita from one threshold

detector and one ionization detector, and information on rhe
setup and performance of ;he GRAIND, were trimsfened by
the GRAhTYs se] al port to a computer after each acqulsltmn,

and then a new acquisition was starred. All of this WM accom-

plished by the GRAND’s resident t-iwam.

To assure the uecessary performance, the detecmrs could

not be separated by more than 10 m from the GRAND elec-

tronics. Hence a 3000-lb ( 1365-kg) lead sh]eld was built for

the GRAND so that it could be placed on the fuehng trolley

next m the detectors. [The placement of the detectors is shown
in Figs. 2(a) and 2(b)]. The GRAND and detectors ran unat-

tended for 5 weeks.

The computer was set up adjacent to the refueling console

in the main reactor control room, The battery -bticked com-

puter, a Toshiba 1100, received this data, stored it on iI
3,5-in,, 0,7-Mbyte floppy disl , and displayed the lust 24

records received, The data were transmitted over !Ines sup-
plied by the facility using industrial modems,

Data were collected at a rate of approximately 750 kbytcs/

day. These data were retrieved and taken to an off-line
Toshiba 21(X) computer for treatment and review using the

Symphony spreadsheet program, The detector informutmn
was extracted and put into a kuge spreadsheet that wits oniy

Iimltcd by the memory of the Toshiba, The ume periods of

intercsl were plotted for rrview, Analysis with a turruuwnd
time of only 2-4 h after obtaining the disks allowed qucsmms

to be asked of thefuclmg opemtor and plans to IX made for the

next fueling cycle. Hence, unresolved questions could be an-
swerd during the next fueling cycle with the ciosc cooperwion
of the fueling wpcratom,

RESULTS

Going into the measurements, we had not received firm

estimates of the radiation levels we would see, We were lucky

that the detector sensitivities matched :he radiation levels very
well, (See Fig. 4,)

Figure 4 shows the activities observed by (he Be( y,n) de-

tector as it entered the reactor vault just ai”termne () on the phm

The background signal is approxm~ately 1300 counts/\, ‘Ilc
fueling machmcs rwnoved the end und $hield plug$ tnml the

chunnel 10 be refueled, “1.h\suctivlly IS not $ecn bv rhc dctcc

[or JUSI before 4(XX) N the first push (push equids two hun

dies discharged from the core) took plucc. (-he ubwrvc~ J
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Fig. 4. A complete fid cumpaiun u &tected b.vthe Be( En).

continuum. Nitw minutes after k first push a secondone oc-
curs witi a Wa.k of approximately M(M) coumsh. These two
pusheswere from channei C4)9, which was approximately 15
m from tie derectors. At this reactor, the bundles arc pushed
in pairs, l?te second peak is larger bcausc those bundles
were closer to the center of the reactorand hence they were
exposed to a higher neutrun flux,

The structure of tic data after the second push and up to
WI(KIsis indicative of k motions of the discharge machine
as it rotates to put the shield and end plugs back into the fuel
channel. The x-y stAgcthen transports the fueling machine
ma~azinc to the next channel to be fueled. The decay of the
radiation from the stationary discharge machine can be ob
send during the time it is stittiona~. The high and low ex.
cursions &fore the third push arc due to the rotations of the
fueling machine magazine to remove end ad shield plugs arid
positiott an empty chamber to receive the fuel from the next
push. The nexttwc’ pushes cxcmcxi just after HOWs. These

pushes were frcm c[,annel V-l I, which is significantly closer
to the detectors: approximately 11 m from the detectors. The
rotmions of the msgazinc and translations of the discharge
machine ad the ckay of the rwliations from the fuel inwh the
machine s.magain clearly visible on the responsecwc as the
diwhargc machine is trmved to position X. 19 for four pushes.
OrI these pushes, Ikle humps am visible on the leading edges
of the rcspnsc peaks (Fig 5), These bumps arc indicative of
the fueling ptwcdure by which the assemblies are pulled
slightly snd then pushed back to assure that they have been
sccurcd. Here the unqual core flux effect on the activities of
Ihe bundles is clearly vmble in the relative heights of the
peaks. When the fueling mnchinc is full, the continuum IS
slgniflcstttly higher, The fueling atwvitics m the vault lasted
about 4 h,

At abut 19 (MN) s, a Inrgc signal cxcursmm wss nolctl.
Widt the help of the fuel-handlin~ personnel, the mystery d’
this ttmnolith was cxpl~iacd MSfolluwf. l%c first huge cxcur-

MWI IS dW to the x-y stage bnngmg the dlxhar~c nutchlnc

-1
-.-—— l----

...r. .. .

-—. i.. 1
-12 13 14 15 16 17 la

ELAPSE9 TIM (ttwssnd =ondsj

Fig. .5. hudinx-edge bumps on respww ptuk

down to the ckvittor oit the fueling trolley. The del~y at idmt

[he mid-height point results from the dischosgc machine hcing

rmasfcmd from the x-y stage to the elevator. The clevuor
then brought the discharge machine down to the trolley bed
where the machine was repositioned, Once the machine wiIs
in position on the trolley, the u’ollcy traveled (canying both he
discharge machine and Ihc detectors) to the (3A. The dccuy
of the rdiaciott during the mvcl is clearly visible. The fueling
machine was htwccn 1 and 3 m from the detectors during the

trip. The process of moving the fueling machine from the
trolley to the x-y stage at the CSA and then to the spent-fuel
port is reversed from the process in the vault. NOIC Ihw [hc
x-y stagesat for a while kforc c~ing the discharge muchim:

to the port. This producesthe decay visible on the falling cdLc
of the monolith, A further decay can be san &fore the fuel
was pushed into the spent-fuel port. The signature of the
txansfcr of the imuiiatcd fuel into the storage areas is \hown

better in Fig, 6.
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This figure was also interpreted with the help of the fuel-

handling operators. The fwst push into temporary storage is

the small dome on top of the first monolith. The second push
is the slightly bigger bump in the middle of the second mon~

IitF,. This fuel had been in the fueling machine about 5 h. The

monoliths m due to the rotation of the magazine. T%e rest of

the pushes are identified as the bumps between the monoliths.
After the last push the continisum falls to O countds.

Figure 7 shows a shielded ion chamber’s view of a fueling

campaign. Here one can see structure similar to that of the

data from the Be(y,n ) detector except for the actwd fuel-push
peaks. Similar plots for the unshielded ion chamber show

both the structure and [he peaks. Each detector produces dif-

ferent fueling-machine-on-trolley radiation levels to back-

ground-in-tie-vault levels, as well as different peak-tccontin-

uum ratios, which indcates that the detectors are sensitive to

different types of radiations and to different ttgions of spectra
of the gsrnma mdiations.

Data also were acquired to check on the half-lives of the

radiations being measured Three distinct groups of satiations
with half-lives of 74.8 rein, 15.9 rein, and 51.8 s were idm.i-

fied. Whereas there are certainly shorter half-life radiations,
we were not able to resolve them because of our 10- to 11-s

counting cycle period. The fit to the 51.8-s data after the

15,9-rnin data had been stripped i! shown in Fig. 8.

Data similar to that obtained with the Be(y,n) detector were

collected with the D(y,n) detector. The peak-to-continuum

ratios are similar. It also was of interest that many, but not all,
of the fuel pushes on the opposite face of the reactor could be

seen by tlv: detectors. However, the signals were only slightly
above bac,qround.

46010121416 t02022 2426 ?0303234
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Fig, 7, A complete fuel uunpui~n us detected by a shiel&d
ion chuntber
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CONCLUS1ONS

From these data, we concluded that the Be(y,n), D(y,n ),

and bate ion chamber detectors were clearly able to detect not

only fuel pushes, but also activities unique to the fueling Ac-
tivities in the vault. T’hey also could monitor the transport of

the fuel up to its discharge into the temporary stolage area for

at least 5 to 7 h after the fiisi fuel was pushd into the fueling
machine. The shielded ion-chamber data did not show the

fuel-push peaks, but did show the rest of the fueiing activity

signatures. The peak-to-continuum ratios for all cases ranged
betweefi 3 and 9.

The half-life measurements showed the detectors to be
measuring fuel-specific radiations and not modulations in

cesium or cobalt radiations from some unknown physwal

activity.

One could not conclude from the data that the signal from

the threshold detectors comes uniquely from (y,n) interactions
in the detector because these detectors are also sensitive to
other neutron activities within the rector vault. From prelimi-

nary conversations with IAEA people knowledgeable tttmut
CANDU reactors, it was assumed that the neutron flux in the
vault as a result of fuel being pushed was very low. As dis-

cussed elsewhere,4 this may not be the case,

Independent of the actual source of the detected neutrons,

the signals dejlflittly origma:e from the discharge of fuel from

the reactor. The (y,n) signals in conjunction with the gross

gamma signals when reviewed for peaks and charactenstiu

fueling activity structure are cI”.M;: usable to monitor fuel dis

charged from the core, Hence the detwtors and electronics can

Ix effectively used as a core discharge monitor,



ACKNOWLEDGMENTS

It would have been practically impossible to undertake the

feasibility study without the walling cooperation of the Ontario

Hydro staff in the Central Maintenance Facility (CMF) at

Bruce. We did a substantial amount of preparatory work at

CMF.

Special thanks are due to Mr. John Cho at CMF who as-

sisted with preparations for the lead castle IO protect the elec-
tronics, detector cladding and bagging, transport arrange-

ments, and other 10gistlc5. In a sirmlar vein, Mr. “.’erry Maggs

provided invaluable guidarsceand help at BNGS A.

The success of this measurement campaign also was

helped by the extraordinary cooperation of BNGS fucl-
handling staff who provided us with accurate data on the fuel-

ing activities and consultations as to how their activities come-
Ia[ed to our dau. We thank the Canadian Safeguards SuppOrt

Program to the IAEA and the Canadian Atomic Energy Cmttrol
Board for supporting the &tlvities and arranging access to the

reactor fa these measurements.

REFERENCES

.

TMI-2,” Los Alamos National Laboratory report LA-
9795-MS (August 1983).

2. J. K. Halbig, G. E, Bosler, J. R. Phillips, and P, hf.
Rinard, “A System for Measuring TRU Mtiterids in a

Three-Mile Island Demineralize,” in Proc. Anwr~cun

Nuclear Sociery, 19/74 Annual Meeting, Sew Orleans,

Louisiana, June 3-8, 1984, 17’ransacrions 46 ( 1984)]
p. 314.

3. S. F. Klostcrbuer and J. K. Halbig, “ION-1 User !vfan-

ual,” LOS Alamos National Laboratory document {in

preparation),

4. J. K. Halbig, A. C. ,Monticone, L. Ksiezak, arid V.

Smiltnieks, “TIIe Design artd Installation of a Core Dis-

charge Monitor for CANDU Type React-m,” presented at

the Institute of Nuclear ikfaterials Management. 3 1st An-
nual Meeting, LOS Angeles, California, July 15. ;ii,

1990, Los Alamos National Laboratory document

LA-UR-90-2405.

1. J. R. Philllps, J, K. Halbig, P. M. Rinard, and G. E.

Bosler, “NDA Measurement of the Demineralizes at


